Four new scintillators were synthesized on the basis of 1-phenyl-3-mesityl-2-pyrazoline in order to obtain a series of dopants with large Stokes shifts for application in ionizing particle counting. Absorption and emission spectra, light yield, quantum efficiency, decadic extinction coefficients, and absorption lengths of their toluene solutions were measured and compared to results for p-terphenyl (+ POPOP) and 3-HF, which have already been applied for particle detection.
INTRODUCTION
Particle detectors based on scintillating substances have been used since the early days of nuclear and particle physics. Within the last few decades, the introduction of photomultiplier tubes has significantly increased the applications of this technique. At present, large detector dimensions--such as those for voluminous liquid scintillators, to trace solar and cosmic neutrinos, 1 or for scintillating fibers, to achieve spatial particle tracking 2call for efficient light transmission over optical paths of several meters. Therefore, it is desirable to apply scintillator compounds which combine sufficient light yield with low self-absorption in order to transmit a large number of photons to the photocathode for efficient detection.
Since particle detectors at accelerators require high counting-rate capabilities, only organic compounds with fluorescence lifetimes shorter than 5 ns are useful for our considerations. The 7r-electrons of aromatic compounds produce the absorption and fluorescence phenomena. By energy transfer from an appropriate liquid solvent or polymer matrix, the dissolved scintillator molecules are excited into their higher singlet states, where they occupy mostly the upper rotational or vibrational levels. Before returning to their ground states, they lose vibrational energy via direct interactions with neighboring molecules, and the radiative ground-state transition starts from the lower vibrational levels of the excited singlet. Therefore, excitation (absorption) involves more energy than the subsequent fluorescence emission. The energy difference between the resulting absorption and emission bands is commonly called the Stokes shift. 3 The residual overlap between these two bands causes self-absorption of the fluorescence light and is mainly responsible for the reduced intensity of transmitted light.
We will report here on the measured decadic extinction coefficients, in particular within the overlap regions, on the resulting absorption lengths, and on the light yields of different new aromatic compounds (listed in Table I ), Received 10 July 1990; revision received 10 October 1990. * The work reported here is part of the LAA project. 1" Author to whom correspondence should be sent. which were dissolved in toluene. This solvent has been chosen because its chemical composition is similar to that of polystyrene and polyvinyl-toluene, the most important polymers for solid bulk and fiber scintillators. Most of the new scintillator compounds have chemical structures similar to that of PMP (1-phenyl-3-mesityl-2-pyrazoline), some photophysical properties of which have already been reported by Gfisten et al. 4 and which we now call PMP 420 to distinguish it from the four new compounds named PMP 430, PMP 440, PMP 450, and PMP 460. Tables I and II, 3 -HF (3-hydroxyflavone), p-terphenyl and POPOP [1,4-di-2-(5-phenyloxazolyl)benzene] are of commercial origin (Aldrich; Merck, Darmstadt). PMP 420 and the four new PMP derivatives were prepared by standard procedures, 5 i.e., either by condensation of the appropriately substituted Mannich bases with appropriately substituted phenylhydrazines or by condensation of mesityl vinyl ketone with the appropriately substituted phenylhydrazines. The new PMP derivatives are purified by several recrystallizations from ethanol. All new compounds furnished correct data for elemental analysis and were further characterized by their fluorescence spectra and NMR spectra as well as by their mass spectroscopic fragmentationS: 1-phenyl-3-mesityl-2-pyrazoline, mp 96°C (PMP 420); 1-p-tolyl-3-mesityl-2-pyrazoline, mp 105-106°C (PMP 430); 1-p-tolyl-3-(2',6'dimethoxyphenyl)-2-pyrazoline, mp 182-183°C (PMP 440); 1-p-anisyl-3-mesityl-2-pyrazoline, mp 88-89°C (PMP 450); 1 -p -anisyl-3-(2' ,6'-dimethoxyphenyl) -2pyrazoline, mp 187-188°C (PMP 460). All photophysical data of the scintillators investigated were measured in toluene.
EXPERIMENTAL

Substances. Among those organic scintillators listed in
Instrumentation and Techniques.
The fluorescence quantum yields were determined at room temperature relative to quinine bisulfate in 1 N H2SO 4 (QF = 0.55 at 25°C 7) as the fluorescence standard according to the method of Parker and Rees s by measurement of the integral intensities of the absolute fluorescence spectra. Details of the procedure and the self-correcting spectrofluorimeter have been described in Refs. 9 and 10. All fluorescence quantum yield measurements were performed in non-degassed toluene in the concentration range of 1-3 x 10 -5 mole L -1 solutions. The fluorescence decay times were determined in the concentration range of 3-8 x 10 -4 mole L -1 solutions by impulse fluorimetry using the sampling technique. A nitrogen laser was used as excitation source. Details of the impulse fluorimeter and the technique have been reported in Refs. 9 and 10. 
cd and into the corresponding absorption lengths, A, which reduces the original light intensity to l/e:
To evaluate the lower measuring limit of the decadic extinction coefficient, we repeatedly compared the absorbances A of two identical 100-mm-long quartz cu-.E vettes filled with pure toluene and placed in the sampling ~ and reference beam of the photospectrometer. The statistical variations of the recorded absorbance differences AA amounted to less than:
._o AA = A log(IHo) -< 5 x 10 -4.
(
Accordingly, we obtain for the lower measuring limit of e(h) with 100 mm optical path d and 0.025 mole L -1 scintillator concentration c: AA = --= 2 × 10 -3 L mole -~ cm -1 (4) ~,,n(X) dc and for the corresponding upper measuring limit of the absorption length: In order to measure the fluorescence yield without selfabsorption, we arranged the cuvettes filled with the relevant scintillator solutions as indicated in Fig. 1 . This arrangement is called "surface excitation," since at 270 nm the exciting light penetrates only about 5 #m into the solution before being fully absorbed by toluene. At this penetration depth the scintillator solutes contribute only by a few per cent to the light absorption; i.e., most of the light is absorbed by the toluene and the energy is transferred to the scintillator in a manner similar to the pattern of the energy loss of ionizing particles. To evaluate directly the self-absorption of different scintillator solutions, we inserted cuvettes of different absorption paths, but with solutions identical to those of the excited liquids, into the fluorescence path in front of the analyzer (Fig. 1) . 486 Volume 45 Table I . Since no fine structure can be observed in the absorption and fluorescence spectra of the scintillators investigated ( Figs. 2 and 3 ) at room temperature, the 0-0 transition is difficult to determine and, therefore, the energy difference of the absorption and emission maxima is taken as a measure of the Stokes shift. PMP and its derivatives combine very good photophysical properties such as high fluorescence quantum yields and short fluorescence decay times with a high solubility. Due to the absence of oxygen quenching, the fluorescence quantum yield for PMP 420 is higher by about 15% in degassed toluene, while the fluorescence decay time is longer by about this percentage. 12 Generally, practical scintillation counting of organic solutions occurs in air-saturated solvents. It is not clear from the literature (Ref have been measured in degassed toluene. The most striking difference of the PMP derivatives in comparison with the common scintillators p-terphenyl and POPOP is the exceptionally large Stokes shift of more than 10,000 cm -I (see Table I ). The advantage of the large Stokes shift of the new compounds is that they can be used without a wavelength shifter such as PMP 420 in scintillation counting. 14, 15 Thus, contrary to the classical combination of primary and secondary solutes used in scintillation counting for more than 35 years, secondary solutes are no longer necessary when these compounds are used. This is particularly important for large-volume scintillators as well as in scintillating fibers of tracking detec-tors26 The importance of reducing the reabsorption effects in scintillators by employing solutes with large Stokes shifts was stressed recently by Renschler and Harrah. ~7 They favored as a scintillator 3-HF with a large Stokes shift. Thus, this scintillator has also been investigated and compared with the new scintillators. Light Attenuation. The intensity of the scintillation photons is related to the solute concentration. Since the optimum concentration of organic scintillators is higher than 10 -2 mole L -L, reabsorption effects can diminish the counting efficiency. Thus, in the "fight for every photon" the transmission of the scintillator solution in the wavelength range over 400 nm is of importance.
to.o :
The absorption and emission curves measured for pure toluene and for the various scintillator solutions are plotted in Figs. 2 and 3 . Since for the reference samples we inserted the identical cuvettes filled with pure toluene, Figs. 2, 3 , and 4 present the extinction coefficients for the pure scintillator compounds. Note the different scales in Fig. 2 .
The decadic molar extinction coefficients e(k) for all scintillators within their emission regions are displayed on a logarithmic scale in Fig. 4 . The corresponding absorption lengths for 0.025 molar scintillator solutions are shown in Fig. 5 . Fro. 6. Distortions of the short-wavelength flank of a 0.025 molar PMP 420 solution in toluene caused by different absorption paths of the same solution compared with a 0.0025 molar POPOP solution. The POPOP concentration had to be 10 x lower, because of its strong self-absorption in the overlap region. Fig. 1 . The solid lines are calculated from measured extinction coefficients and surface emission spectra according to Eq. 6. (Left) Comparison between PMP 420, 3-HF, and POPOP dissolved in toluene and normalized to unity for zero absorption path. Note the 10 × lower POPOP concentration and the little light yield of 3-HF (Table II) . (Right) Comparison between PMP compounds normalized to the light yields as listed in Table II. The effect of self-absorption is demonstrated in Fig.  6 . It shows how the short-wavelength flank of the PMP 420 and the POPOP emission bands changes with the absorber thickness introduced between the excited liquid surface and the entrance slit of the analyzer. The POPOP concentration had to be 10 × smaller because of its strong self-absorption in the overlap region. These distortions were measured with the arrangement shown in Fig. 1 . The reduction of the light yield by self-absorption within the most critical region of the first 50-mm absorption path is plotted for the various scintillator solutions in Fig. 7 . Note the 10 × smaller POPOP concentration and the low light yield of 3-HF (Table II) .
The results obtained for the investigated scintillators at high concentrations are compiled in Table II . Apart from some basic information it shows the Stokes shift, the light yield normalized to PMP 420 for "surface emission," and the range of the absorption lengths A for a 0.025 molar solution of the scintillator across the full width at half-maximum of its emission band. It is interesting to compare the spectroscopic properties of the PMP derivatives in Table I with those of  Table II . While the absorption maxima measured with dilute (5 × 10 -5 M) and with high (>10 -2 M) concentrations coincide within the error margins, the fluorescence maxima of the high concentrations are shifted by 3 to 5 nm to shorter wavelengths. The reason may be due to the different excitation wavelengths: All dilute solutions (Table I) were excited at 313 nm within the absorption bands of the PMP derivatives, whereas the high concentrations (Table II) were excited at 240 nm within the toluene absorption band.
We observe also a distinct difference between the absolute fluorescence quantum yields of the PMP derivatives in dilute solutions of air-saturated toluene (Table  I ) and the relative light yields for high concentrations (Table II) . This behavior may be caused by differences in the energy transfer ability between toluene and the new compounds if excited at 240 nm (Table II) , or between the absorption and emission bands of them if excited at their absorption bands (Table I) . Therefore, it might be different for scintillator activations of plastics such as PS or PVT.
Knowing the extinction coefficients and the "surface emission" spectra (Figs. 2, 3 and 4) of the scintillator solutions, we calculated the intensities of transmitted light as a function of absorption paths l and scintillator concentrations c:
where Io(v) is the fluorescence intensity at wavenumber v, and the integrals span the whole emission bands in question. Normalization to the PMP 420 is achieved by division by its emission integral. The curves drawn in Fig. 7 represent these calculations and agree satisfactorily with the measured values plotted in the same figure. On the basis of this conformity within the critical region of the first 50 mm of self-absorption, we extended our calculations to longer absorption paths. The results for the various scintillator solutions have been entered in Fig. 8 . The initial light yields at zero absorption path are normalized to that of PMP 420 according to Table II . The behavior of the measured extinction coefficients (Fig. 4 ) and absorption lengths ( Fig.  5 ) corresponds to the shape of the calculated absorption curves. In fact, it is not possible to measure the absorptions through such long paths directly, because of distortions caused by light leakage and reflections at the lateral surfaces of long samples.
The lowest self-absorptions were obtained with PMP 450 and 3-HF. Unfortunately, their light yields amount to only 70% (PMP 450) and 20% (3-HF) compared to that of PMP 420. In spite of their lower self-absorption, they cannot compensate for this disadvantage, not even after 2 m of absorption path, where their transmitted light intensities are 40% (PMP 450) and 12% (3-HF) as compared to 51% for PMP ( Fig. 8 ). By far the highest self-absorption was measured for POPOP, which does not directly serve as a scintillator like all the other listed compounds, but as a wavelength shifter for p-terphenyl emission. Its decadic extinction coefficient at its emission peak exceeds by a factor of 125 that of PMP 420 at its corresponding peak (Fig. 4) . Therefore, its concentration must be kept by at least one order of magnitude lower than that of the other compounds. This comparatively low concentration leads to rather long absorption lengths (>_0.2 mm) for the radiative (electric-dipole) TM exchange between the p-terphenyl emission and POPOP absorption at around 340 nm wavelength. Consequently, its light emission is not nearly as local as that with the PMP compounds, where the nonradiative TM energy transfer between solvent and the scintillator takes place within a few nanometers. This might become important in certain applications, in particular in light emission in scintillating fibers with diameters _<0.2 mm.
The highest light yield was measured for p-terphenyl. Since it emits at 340 nm, the absorption is considerable, and therefore a wavelength shifter such as POPOP is necessary. For the mono scintillator systems such as the PMP compounds and 3-HF, the highest light yield was measured for PMP 420. The lowest light yield with about 20 % of PMP was measured for both the pure 3-HF and the p-terphenyl plus 3-HF solutions.
In conclusion, our measured absorption and emission values show for the scintillators in question that PMP 420 looks most promising for future applications in plastic matrices. This is true, above all, if we consider applications using scintillating polystyrene fibers of small diameters for particle tracking. In view of that, we intend to measure the decadic extinction coefficients, absorption lengths and light yields of the corresponding scintillators in polystyrene bulk samples.
